We observe an unusual behavior of the spin Hall magnetoresistance (SMR) measured in a Pt ultra-thin film deposited on a ferromagnetic insulator, which is a tensile-strained LaCoO 3 (LCO) thin film with the Curie temperature T c =85K. The SMR displays a strong magneticfield dependence below T c , with the SMR amplitude continuing to increase (linearly) with increasing the field far beyond the saturation value of the ferromagnet. The SMR amplitude decreases gradually with raising the temperature across T c and remains measurable even above T c . Moreover, no hysteresis is observed in the field dependence of the SMR. These results indicate that a novel low-dimensional magnetic system forms on the surface of LCO and that the Pt/LCO interface decouples magnetically from the rest of the LCO thin film. To explain the experiment, we revisit the derivation of the SMR corrections and relate the spinmixing conductances to the microscopic quantities describing the magnetism at the interface. Our results can be used as a technique to probe quantum magnetism on the surface of a magnetic insulator.
magnetoresistance [19] , were discovered in normal metal/ferromagnetic(NM/FM)-based heterostructures. These effects are based on the interplay of the spin currents generated in the heterostructure (via the spin Hall effect [20] [21] [22] [23] or the Rashba-Edelstein effect [24, 25] ) with the magnetic moments of the FM layer and/or with an external magnetic field. Among many applications, they have been used for quantifying spin transport properties such as the spin diffusion length  and the spin Hall angle  SH of different NMs, or the spin-mixing conductance ↑↓ of NM/FM interfaces. In addition, SMR measurements have also been used for probing surface magnetic properties of complex magnetic systems such as ferrimagnetic spinel oxides [26] , spin-spiral multiferroics [27, 28] , canted ferrimagnets [29] , and antiferromagnetic/Y 3 Fe 5 O 12 (AFM/YIG) bilayers [30, 31] .
LaCoO 3 (LCO) presents an intriguing magnetic behavior, which has been studied for decades and is still under debate [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Bulk LCO is a diamagnetic insulator at low temperature, owing to the low-spin (LS) configuration of Co(III). The relatively small crystal-field splitting of the Co(III) 3d-shell results in an increasing population of high-spin (HS) Co(III) with temperature, reaching 1:1 (LS:HS) above ~150K. The close proximity between crystal-field splitting and exchange energy makes the magnetic properties of LCO particularly susceptible to small changes in inter-ionic distances and coordination. For this reason, tensile-strained LCO thin films grown on particular substrates [such as SrTiO 3 (STO)] exhibit FM order at low temperatures [39] [40] [41] [42] [43] [44] [45] [46] . However, the magnetic properties of the surface of these filmswhere the crystal-field symmetry is lowered because of a different stoichiometry at the surface-have not been addressed yet [47] .
In this letter, we take the first steps towards understanding the magnetic behavior of strained LCO thin films at the very surface by performing systematic magnetoresistance measurements in Pt/LCO/STO. We find that SMR depends strongly on the magnetic field at all temperatures, both above and below the Curie temperature (T c ) of the film, and more strikingly, no hysteresis in the magnetoresistance is observed. These observations clearly show that the surface magnetism of the LCO film is radically different from its bulk counterpart. We support our measurements with a theoretical model that extends the known expressions for SMR and HMR [7, 17] in NM/magnetic insulating(MI) bilayers for an arbitrary magnetic ordering (para-, ferri-, ferro-, antiferro-magnet) of the localized magnetic moments at the NM/MI interface. We provide expressions for the spin-mixing conductance ↑↓ =G r +iG i [49, 50] and the effective spin conductance G s [51, 52] in terms of surface spincorrelators. The experimental data is consistent with our assumption that the LCO surface magnetic moments behave as a low-dimensional [two-dimensional (2D) or one-dimensional (1D)] FM, which has a vanishing T c according to the Mermin-Wagner theorem [53] .
Experimental details.-Growth of the LCO thin films via polymer-assisted deposition on (001) STO substrates, as well as their structural, electrical, and magnetic characterization, is described in Ref. [43] . These epitaxial LCO films exhibit a tetragonal distortion, which induces a FM ordering below T c~8 5K. The magnetic hysteresis loops exhibit coercive fields below 1T at 10K, in agreement to other reports [40] [41] [42] 44, 48] . These films are also insulating and with low surface roughness (<1nm) [43] . Pt/LCO samples were prepared by patterning a Pt Hall bar (width W=100m, length L=800m and thickness d N =7nm) on top of the LCO films via e-beam lithography, sputtering deposition of Pt, and lift-off. Two samples with different LCO thickness, 12nm and 19nm, were prepared and studied. Similar results of the magnetotransport have been obtained for both thicknesses. Below, we present data for the 19-nm-thick LCO film. Magnetotransport measurements were performed between 10 and 300K in a liquid-He cryostat that allows applying magnetic fields H of up to 9T and rotating the sample by 360º.
Longitudinal magnetoresistance in Pt/LCO.- Figures 1(a)-1(f) show the longitudinal angulardependent magnetoresistance (ADMR) measured in Pt/LCO at 200 and 70K and for H=9T in the three relevant H-rotation planes. The measurement configuration, the definition of the axes, and the rotation angles () are defined in the sketches. We can see a clear ADMR with a cos 2 modulation in  and , and almost no variation in These angular dependences are in agreement with the ones expected for spin-related magnetoresistances, such as SMR and HMR [5, 17] . Surprisingly, this angular symmetry is not only observed below T c of LCO at 9T in the , , and planes. The amplitude is roughly the same in  and  and decays monotonously with temperature, whereas it is negligibly small in , except for very low temperatures. The sign of the ADMR amplitude in  and the increase in below ~20K suggest the emergence of magnetic proximity effect (MPE) at the Pt/LCO interface at low temperatures. The MPE should be related to a strong exchange interaction between the Pt and Co atoms, and it could give a plausible explanation for the unusual Hall resistance previously measured in this system [48] . Indeed, we obtain similar results in our samples [54] .
Remarkably, the normalized ADMR amplitude in  and  remains finite over the whole range of temperatures, decreasing monotonically with increasing temperature. Figure 1(h) shows that the ADMR amplitude also depends strongly on H at all temperatures. Since the magnetization of the LCO saturates above H~1T in the FM phase [43] , no variation of the ADMR amplitude is expected from the SMR theory [7] . Moreover, no magnetoresistance is expected in the PM state. In contrast, our measurements show a smooth change of the ADMR amplitude across the FM-PM transition, with a significant magnetoresistance measured even far above T c . These observations indicate that the magnetic response of the surface of the LCO film is decoupled from its bulk.
For a better understanding of the origin of the temperature and magnetic field dependences of the ADMR amplitude, we measure the longitudinal field-dependent magnetoresistance (FDMR) along the three main axes of the sample and for different temperatures. For T>>T c , the FDMR along y-direction (the one corresponding to the polarization of the spin accumulation in the Pt layer) is rather constant, whereas equal parabolic-like FDMR curves are obtained in z-and y-directions. This behavior is characteristic of the HMR effect in thin films with strong spin-orbit coupling [17] . For T<T c , one can see that the three FDMR curves lie on the same resistance value at H=0 [ Fig. 2(b) ]. When the magnetic field is increased, a magnetoresistance symmetric with H develops, having equal positive amplitudes in x-and z-directions, and a smaller and negative amplitude in y-direction. Moreover, no hysteresis is observed between the trace and retrace curves. These observations are in sharp contrast with those found in other magnetic systems, such as YIG [5, [8] [9] [10] 17] and CoFe 2 O 4 [26] , where the FM order results in hysteretic FDMR curves and different resistance states around H=0 for different field directions. Therefore, the FDMR measurements shown in Fig. 2(b) do not reflect the bulk FM properties of the LCO film and support the idea that the surface is magnetically decoupled.
FIG. 2. Normalized FDMR measurements, (H
From Figure 2 , we can see that the total magnetoresistance
(which is the amplitude extracted in ADMR measurements, Fig. 1 ) has two contributions: at H y =9T. This contribution is larger at low temperatures, decreases monotonically with increasing temperature, and drops below our resolution limit at T~125-150K, far above T c . Therefore, one cannot attribute the suppression of
merely to the FM-PM transition of the bulk LCO film. This temperature dependence is yet another strong evidence that the magnetic response of the Pt/LCO interface must be decoupled from the bulk of the LCO film.
On one hand, the different magnetic response for the Co atoms at the surface of the LCO film is not surprising because the induced octahedral coordination of the Co(III) atoms that lead to the FM order [45] is broken at the surface. On the other hand, the decoupling of the surface Co atoms at the Pt/LCO interface can be attributed to the fact that the itinerant electrons in Pt pull the surface Co ions from the LCO layer towards the Pt layer causing a ferrodistortive Coion off-centring, similar to the one studied for La 0.7 Sr 0.3 MnO 3 in Ref. [55] . Additionally, oxygen vacancies at the surface, a common effect observed in Co(III) oxides [56, 57] , would also imply surface reconstruction, which would favour a different magnetic behaviour for the surface and possibly decoupling [54] .
Modeling.-Spin-dependent phenomena, including spin pumping (SP) and spin Seebeck effect (SSE), have been recently reported using PM materials and ascribed to the presence of shortrange FM correlations [58, 59] . However, current existing theories on SMR only consider ferromagnetic ordering in the MI [7, 60] and cannot correctly describe our results. Here, we present a generalized theoretical model that, in addition to the standard SMR [7] and HMR [17] , includes the possibility of different magnetic orderings in the MI. We model the NM/MI interface (x-y plane) as an ensemble of localized moments with spin S. These moments interact with the conduction electrons via an exchange term ℋ = − ∑ ⋅ , where is the s-d exchange coupling and is the spin density of the itinerant electrons at the position of the local moment . The spin current at the NM/MI is given by [61] :
where e>0 is the elementary charge, , is the spin current flowing in z-direction, the vector spin accumulation, and n a unit vector in the direction of the applied magnetic field B=H, with  0 the magnetic permeability of the NM layer. The parameters , , are obtained in the Born approximation and are defined in terms of spin averages [61] :
where is the density of electronic states per spin species in the NM at the Fermi level, n s is the 2D density of the localized magnetic moments at the surface, and ℏ the reduced Planck constant. ∥,⊥ are the components of the spin operator parallel and perpendicular to H. The dependence of the averages ∥,⊥ and ∥ with H and T are determined by the type of magnetic order at the interface and, for instance, can be computed analytically for a paramagnet [54] .
In order to compute the magnetoresistance, we follow the standard procedure [7, 17, 60] , solve the spin diffusion equation in the NM layer subjected to the boundary condition imposed by Eq. 
where
, D the diffusion coefficient, g the gyromagnetic factor,  B the Bohr magneton, and = − + . Equations (3) generalize the magnetoresistance correction in NM/MI bilayers in two ways: (i) They include the effective spin conductance G s which accounts for the fact that not all magnetic moments at the NM/MI interface are aligned in the field direction and hence the correlation ⊥ is finite. In the limit G s 0, these equations recover both the previously reported SMR and HMR corrections due to the spin Hall effect [7, 17] , merged in a single analytical expression. (ii) They contain implicitly information about the magnetic response of the MI through the temperature and field dependence of the spin conductances defined in Eqs. (2) .
So far, the effect of G s in SMR experiments has not been considered. It could explain the temperature dependence of the SMR amplitude reported experimentally in Pt/YIG bilayers beyond simply considering changes in  SH and  of Pt [12, 13] . Furthermore, Eqs. (2) predict that the temperature dependence of G r and G s in NM/MI bilayers should decay in the same way as M 2 of the MI layer decays with temperature. This prediction is in agreement with the reported experiments in Pt/YIG at the vicinity of T c of YIG [14] .
Fits to the experimental data and discussion.-We now use the above equations to understand the measured magnetoresistance curves in Pt/LCO. Our experiments suggest that the magnetic moments of the Pt/LCO interface have a paramagnetic-like response that is decoupled from the bulk of the film. Therefore, we assume that the Pt electrons interact with the spins of a low-dimensional Heisenberg FM -a system known to exhibit a zero critical temperature and whose magnetic response is similar to a PM with a large effective spin due to short-range FM interactions [53] -and compute the spin-correlations ∥,⊥ and ∥ that enter Eqs. (2) using the well-established random phase approximation [62] . For the fitting of the experimental data we considered that the Co atoms at the surface can exhibit either 2D-or 1D-FM exchange coupling J, that S can be any of the possible ones in the d-shell (except 0 and ½, which result in no magnetoresistance correction), consider different spin coverage , and  SH and  were estimated from the measured resistivity in our Pt film [65] .
Excellent fits to the FDMR measurements [Figs. 2(a)-2(b)
] were found for a large range of parameters, some of which are summarized in Tables S1-S2 [54] . Figures 3(a)-3(b) show representative fits, which correspond to the particular case of 1D-FM exchange coupling, ) at 200K(70K) to account for (T) [54] . We assume g=2. (c) Calculated temperature dependence of ∆ ∥ / modeling the Pt/LCO interface as a 2D and a 1D Heisenberg FM (2D-FM and 1D-FM 1, respectively), as 1D-FM ladders (1D-FM 2), and as a superparamagnetic system (SPM). All cases correspond to AFM J sd and S=3/2 (except for the SPM case, where S=32). See Tables S1-S3 [54] for more details of the fitting parameters.
The temperature dependence of the magnetoresistance provides additional information about the magnetic ordering of the Co atoms at the LCO surface. We focus on , and a plane of spin ladders (1D-FM 2), all with FM coupling between spins. For completeness, we also consider the case of zero Heisenberg exchange coupling and allowed S to be large, which is equivalent to a superparamagnetic system (SPM). From the calculated curves, we can unambiguously assert that the magnetic response of the surface of the LCO film cannot be described as a SPM. The fittings shown in Fig. 3(c) corroborate our hypothesis that the Pt/LCO interface behaves as a low-dimensional Heisenberg FM. In particular, our results suggest that the magnetic ordering of the Co ions might be in between 1D-FM chains and a 2D-FM, because the temperature dependence is fitted best by the model of spin ladders, which represents an intermediate case between 1D and 2D Heisenberg ferromagnets. In fact, the formation of stripe domains at the surface of strained LCO films has been observed experimentally [42, 66] and confirmed in numerical calculations [66, 67] .
Conclusions.-Our SMR measurements in Pt/LCO/STO structures, together with the presented extended theoretical model, provide a clear evidence that the surface of LCO thin films is magnetically decoupled from its bulk and behaves as a low-dimensional FM system. Our microscopic model provides a simple way to introduce the magnetic properties of the MI in the spin conductances ↑↓ and , covering a wide range of the magnetic order and implicitly takes into account the effect of thermal fluctuations. Our model can be used straightforwardly to understand diverse spin transport phenomena involving NM/MI interfaces, such as electrical magnon excitation [30, [68] [69] [70] , SP [4, 58, 68, 71, 72] or SSE [4, 59, 73, 74] , and their manifestation on transport properties, as well as can help to address questions related to quantum magnetism or skyrmions.
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[63]  is allowed to vary in order to account for the different possible crystal terminations of the LCO surface (CoO 2 -or LaO-terminated), as well as to take into account the surface reconstruction must be taking place because of the polar nature of the crystal structure. As we do not know how the surface reconstruction may affect the local moments of the Co atoms, or whether the surface is a mixture of the different terminations, here we consider a number of simple cases for values. :2p is large, and therefore covalency is important, transformation of part of Co 3+ to either Co 2+ or Co 4+ (in this case accompanied by oxygen vacancies due to increasing stabilization of the Co(IV/III) redox pair with respect to the O:2p band) cannot be discarded. Given that, according to our theory, the SMR is absent in the case of spin-1/2, due to the quantum nature of the spin, any change of the ionic state of surface Co must also be accompanied by a transition to a higher spin state (higher than 1/2). At the same time, the magnetic decoupling of the surface atoms suggests oxygen vacancy formation close to HS surface Co atom. In this scenario, we expect every second surface Co atom to be in the Co 2+ state with spin-3/2 (or Co 4+ with either spin 3/2 or 5/2), whereas the remaining Co atoms to be in the Co 3+ state with spin-0. The ferromagnetic interaction between 3/2-spins can occur via the spin-less Co 3+ nodes, provided the arrangement of the two Co species on the surface is of the checkerboard type. Given the different sizes of these ions, the reduction of the elastic energy associated to a cooperative ionic ordering could indeed favor such an ionic arrangement.
S3. Further considerations regarding the model
In generic cases, one can compute these averages by solving numerically the corresponding magnetic Hamiltonian or employing approximate schemes, such as the random phase approximation [S9] . Equations (2) in the main text have been derived under the assumption that the mean free path for the conducting electrons between two consecutive scattering events at the localized moments is larger than the Fermi wavelength in the NM. Furthermore, we employed the so-called elastic approximation, assuming that the energy transfer between the local moments and itinerant electrons is negligible on the scale of the thermal smearing of the Fermi sea. The elastic approximation limits the applicability of the expressions for G r,i,s to sufficiently high temperatures, at which the self-consistent magnon band has a small width compared to the temperature. Therefore, these expressions are not applicable at temperatures well below T c . Finally, we also dispensed with the effect of the conduction electrons on the magnetic configuration of the localized spins, assuming that the characteristic coupling energy between the latter is much larger than the exchange coupling J sd . TABLE S1 . Parameters used to achieve a good agreement between theory and experiment considering that the surface of the LCO film behaves as a 2D-FM. In bold are indicated the parameters used to compute the temperature dependence of ∆ ∥ / at 9T [see TABLE S3 . Parameters used to achieve a good agreement between theory and experiment considering that the surface of the LCO film behaves as a SPM system (zero exchange Heisenberg FM with large effective spin). In bold are indicated the parameters used to compute the temperature dependence of ∆ ∥ / at 9T [black line in Fig. 3(c) Table S1 . Excellent agreement between theory and experiment is achieved. (c)-(d) Same but modeling the LCO surface as a SPM system. The parameters used are indicated in Table S3 . In this case, it was impossible to find a set of parameters that were able to reproduce the experimental FDMR curves for both low (70K) and high temperature regimes (200K) at once. For the case represented here, ∆ ∥ / at 200K does not fit well (panel c), ruling out SPM as a plausible magnetic response for the surface of the LCO film.
S4. Fitting of the experimental data
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